The article presents the results of original investigations of the thermodynamic laws of sorption extraction of Ni 2+ , Zn 2+ , Cu 2+ from wastewater. As an adsorbent, a natural zeolite from the Holinsky deposit of the klinoptilolite type, modified with a sulphur polymer, obtained from waste in the production of epichlorohydrin was proposed. The limiting parameters of the adsorption process are described by the Langmuir equation. The graphical method the limiting value of adsorption, the adsorption equilibrium constant, the differential heat of adsorption, the adsorption rate constant, the activation energy, the Gibbs energy was founded. It is proved that the investigated processes obey the laws of physical adsorption and are spontaneous.
Introduction
The energy of adsorption processes is one of the most important components in their investigations. The investigations of structure of natural and modified zeolites, the identification of adsorption process mechanism, the direct investigation of energy heterogeneity and other problems require the use of modern precision physicochemical methods. Heats of adsorption can be determined either directly by measurement using a calorimeter or by calculation based on various experimental data [1] .
In microporous systems, during adsorbentadsorbate interactions, bulk filling of the adsorption space takes place. Therefore, the volume of micropores becomes the main geometric parameter, and the specific surface loses its physical meaning for microporous adsorbents [2] . Representatives of microporous adsorbents with an extremely narrow pore distribution are dehydrated zeolites. A remarkable feature of zeolites is the presence of exchangeable cations in their adsorption cavities, which create high gradients of electrostatic fields [3] . The adsorption of molecules on the adsorbent limits, inhibits their mobility; the interaction between the adsorbate and the adsorbent reduces the mobility of the molecules [4] . A decrease in the degree of mobility of molecules as a result of adsorption leads to a decrease in entropy [5] .
Results and discussion
In previous investigations, conducted by us, we investigated the thermodynamic laws of sorption extraction of oil products and heavy metal ions from industrial wastewaters by zeolites from the Holinsky deposit, modified by high organosilicon compounds HMDShexamethyldisilazane [(CH3)3Si-]2NH and TEOS -tetraethoxysilane (С2H5O)4Si [6, 7, 8] .
The actual direction of modern development of physical chemistry is to increase the reactivity of solids by chemical modification to obtain new sorbents from them [9, 10] . Therefore, the goal of our [11] by means of modification with sulfur polyme, obtained from epichlorohydrin production wastes. The main component of the waste is 1,2,3 -trichloropropane [12] .
The obtained kinetic characteristics of the extraction of Ni 2+ , Zn 2+ , Cu 2+ from industrial wastewater of railway transport enterprises are presented in detail in our previous works [13] . Let us consider the adsorption capacity of klinoptilolites, modified by sulfur polymer from the point of view of thermodynamic estimation.
The limiting parameters of the adsorption process can be qualitatively obtained by describing the isotherm by the Langmuir equation:
where Аcurrent value of adsorption, mg/g; А∞maximum value of adsorption, mg/g; Кр -adsorption equilibrium constant; С -concentration of solution, mg/l.
The isotherm in the coordinates of the Langmuir equation is linearized. Dividing the unit on the left and right sides of the equation, we obtain the equation of a straight line in coordinates 1/А=f(1/С):
(
Equation (2) allows graphically finding the constants А∞ and Кр in the Langmuir equation. Figure 1 shows the adsorption isotherm of heavy metal ions by a zeolite, modified by a sulphur polymer, for example Ni 2+ and Cu 2+ . The line cut off by the straight line on the y-axis is 1/A∞. According to the tangent of the angle of a straight line, the adsorption equilibrium constant K can be found by the formula: Figure 1 Adsorption isotherms of Ni 2+ (a) and Cu 2+ (b) with zeolite, modified by sulfur polymer in Langmuir coordinates at various temperatures Table 1 presents the constants А∞ and K of the Langmuir equation for the sorption of Ni 2+ , Zn 2+ , Cu 2+ ions on a zeolite, modified with a sulfur polymer at different temperatures. The data in Table 1 indicate that with increasing temperature, the value of А∞ increases, and the equilibrium constant Кр decreases. Adsorption is a spontaneous process. The thermal effect in the range of changes in the degree of filling of the adsorption space is characterized by the differential heat of adsorption [14] . To calculate the isosteric heat of adsorption, the Klaiperon -Clausius equation is applied at A = const:
where Аthe sorbent capacity, mg/g; T -temperature, K; Rthe gas constant; R = 8.31 J/mol·K; Сthe equilibrium concentration of heavy metal ions in solution, mg/l. Isostere of adsorption is an important function that carries direct information about the heat of adsorption. When A = const:
(6)
The differential heat of the sorption of metal ions (see Figure 2 ) can be calculated from the angles of inclination of the isoster, converting equation (5) into the following form: (8)
The equation for the rate of adsorption in integral form:
where С0the initial concentration of metal ions in solution, mg/l, Сthe equilibrium concentration of metal ions in solution, mg/l, t -time. From equation (9) it is easy to get:
where άthe angle of inclination of the tangent to the kinetic curve to the positive direction of the xaxis. The results of the calculation of the adsorption rate constant are presented in Table 2 . To find the adsorption rate constant K, it was necessary to construct the kinetic sorption curves of Ni 2+ , Zn 2+ , Cu 2+ . The results of the calculation are presented in Table 2 . An analysis of the data in Table  3 shows that an increase in the adsorption rate K is observed as the temperature increases. This can be explained by the fact that with increasing temperature the movement of molecules becomes more intense, and they more quickly interact with the surface of the adsorbent.
The appearance of the kinetic curves of dependence of the adsorption of metal ions by a zeolite, modified by sulfur polymer, indicates an increase in the rate of adsorption with increasing temperature. The curves obtained at higher temperatures lie above the curves obtained at low temperatures. Thus, the process is activated [15] .
Only active molecules with activation energy, i.e. excess energy, in accordance with the Arrhenius equation can penetrate into the pores and adsorb [16] . The reaction rate constant is associated with the activation energy by the following relationship:
where Кreaction rate constant, s -1 ; Аconstant; Еаactivation energy, kJ/mol; Rthe universal gas constant; Ttemperature, K. From formula (11) , we obtain the following expression for calculating the activation energy:
where tgα -the slope angle of graphical dependence lgК= f (1/T). 
where Крthe constant of adsorption equilibrium in the Langmuir equation; Rthe universal gas constant; T -temperature, K; ∆G -Gibbs energy, kJ/mol.
The activation energy of sorption of Ni 2+ , Zn 2+ , Cu 2+ of zeolite, modified by sulfur polymer, is 10.24 kJ/mol; 5.75 kJ/mol and 14.03 kJ/mol, respectively. The temperature dependence and the values of the sorption activation energy indicate that investigating processes obey the laws of physical adsorption. An analysis of the Gibbs energy calculation results indicates its negative value. This confirms the fact that adsorption is a spontaneous process.
Conclusion
In the course of the experimental investigations, a thermodynamic estimate was made of the adsorption capacity of the modified klinoptilolites of the Holinsky deposit in Eastern Transbaikalia with respect to heavy metal ions. A sulfur polymer obtained from waste in the production of epichlorohydrin was used as a modifier. The degree of sorption purification with respect to heavy metal ions is close to 100%.
Adsorption isotherms are presented in the coordinates of Langmuir, which allowed us to find the maximum value of adsorption and the constant of adsorption equilibrium. For the solution of further thermodynamic problems, the isosteric method was chosen. The differential heat of adsorption of Ni2 + , Zn 2+ , Cu 2+ was determined depending on the angle of inclination of the isoster.
